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Abstract
Arf proteins are small GTP binding proteins that regulate intracellular traffic, actin remodeling and lipid metabolism. In the GTP-bound state, Arf is thought to be 
an active form that can bind to organelle membranes and many effectors. Arf in the GDP-bound state is thought to be an inactive form and released to cytosol. Arf 
GTPase Activating Proteins (ArfGAPs) hydrolyze Arf•GTP to Arf·GTP. Because GAPs “inactivate” small GTPases, the research of GAPs has often been done 
by overexpression of the GAPs looking at the biological consequences of the overexpression. However, decades of study about ArfGAP1 in COPI coated vesicle 
formation has led to a molecular model by which ArfGAP1 plays a role in fidelity of cargo sorting. This model implies that a deletion experiment would be appropriate 
to analyze the function of ArfGAP family proteins, rather than overexpression. Here, I briefly describe the role of ArfGAP1 in COPI coated vesicle formation, and 
discuss the biological consequences of depletion of ArfGAPs. 
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Introduction
In mammalian cells, intracellular traffic plays an important role 

in regulating cellular function. When intracellular traffic is impaired, 
intracellular proteins and lipids go to the wrong destinations, which 
causes organelle dysfunction that is often related to human disorders 
including cancer [1], neurodegenerative disorders [2], diabetes [1], and 
immune disorders [2]. Therefore, understanding the mechanism of 
intracellular traffic has primary importance for understanding human 
disorders, as well as biological functions of cells. 

Secretory proteins, transmembrane proteins, and lysosomal 
enzymes are synthesized in the Endoplasmic Reticulum (ER), and 
then transported to the Golgi apparatus. In the Golgi, they are 
modified by glycosylation or other modifications, then sorted out into 
their destinations including the lysosomes, secretory granules, and 
plasma membrane. On the other hand, cells also internalize proteins 
from outside. These endocytosed proteins are transported to the 
early endosomes then sorted out to their destinations including the 
lysosomes where the proteins are digested by lysosomal enzymes. 
These transport processes are mediated by the transport vesicles that 
are often coated by coat proteins. There are three main classes of coat 
proteins, COPI, COPII, and clathrin. COPII coated vesicles mediate 
ER-Golgi transport, COPI coated vesicles mediate transport between 
Golgi stacks, or from the Golgi to the ER transport, and clathrin 
coated vesicles mediate post-Golgi traffic and endocytosis [3]. These 
coat proteins can bind to “cargo” proteins, which will be packaged 
into coated vesicles. Therefore, it has been thought that the binding 
between cargo and coat proteins mediates cargo sorting, the process 
which selects appropriate cargos into coated vesicles. 

Arf/Sar family GTP-binding proteins are essential proteins to 
recruit coat proteins to organelle membranes [4,5]. Mammalian cells 
have 6 Arfs, Arf1 to Arf6. Human lacks Arf2, so there are 5 Arfs in 
human. Sar1 is the only protein in this family. Arf in its GTP-binding 
state is primarily considered to be an active form and binds to the 
organelle membranes by its myristoylated N-terminal region [5], as 
well as a variety of Arf effectors including coat proteins [5,6]. Arf in its 
GDP-binding state is an inactive form and is present in cytosol. GTP 
and GDP binding states on Arf are regulated by Arf guanine nucleotide 

exchange factors (ArfGEFs) and Arf GTPase Activating Proteins 
(ArfGAPs) (Figure 1). ArfGEFs mediate the conversion of Arf•GDP 
to Arf•GTP [7], while ArfGAPs hydrolyze Arf•GTP into Arf•GDP and 
release Arf from the membrane to the cytosol [8]. In the traditional 
model, ArfGAPs terminate Arf signaling, therefore ArfGAPs have been 
thought to inhibit vesicle formation. However, decades of research have 
led to the idea that ArfGAPs are the key factors that actually determine 
if the interaction between coat its specific cargo proteins is taking place, 
which is the critical step for cargo sorting before the completion of 
vesicle formation. Because ArfGAPs had been thought to be negative 
regulators of Arf, overexpression of ArfGAPs might had been thought 
to be the appropriate approach to inhibit Arf and investigate the 
phenotype of inhibition of transport. However, the decades of research 
have shown that ArfGAP1 play a role in fidelity of cargo sorting, and 
that implicates the downregulation of ArfGAPs as an appropriate 
approach to investigate the biological function of ArfGAPs.

Arf1 and ArfGAP1 play a role in “fidelity” of cargo 
sorting in COPI coated vesicle formation

How ArfGAPs are involved in COPI vesicle formation has been 
the subject of dispute [9-11]. Coatomer is the coat protein used to 
form COPI coated vesicles at the Golgi apparatus, and is recruited to 
the Golgi membrane by Arf•GTP. In the traditional model, coatomer 
binds to cargo, then polymerizes into COPI to deform membrane to 
produce COPI-coated vesicles [12]. In this model, Arf•GTP remains 
in the COPI vesicles, which predicts that the hydrolysis of Arf•GTP 
occurs after COPI coated vesicles are formed to release Arf together 
with coatomer from the vesicles. In this model, ArfGAPs are predicted 
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to be involved in uncoating. However, there have been reports that the 
hydrolysis of Arf•GTP is actually required for cargo incorporation into 
COPI coated vesicles [13-16]. By adding GTPS, the non-hydrolyzable 
analogue of GTP, or by injecting an Arf1Q71L mutant that cannot 
hydrolyze GTP, the cargo incorporation into COPI vesicles was 
inhibited. As cargo sorting is thought to occur before the completion 
of vesicle formation, these data predict that GTP hydrolysis of Arf is 
required for cargo sorting before COPI coated vesicles are formed. 

In this review, I will not describe the details of how the molecular 
model of COPI coated vesicle formation has been developed. Instead, 
readers can find it elsewhere [17]. I just introduce the model that I have 
proposed for ArfGAP1 (Figure 2); coatomer is recruited to the Golgi 
membrane by Arf•GTP and COPI binds to its cargo. In the presence 
of COPI and cargo, GAP activity of ArfGAP1 increases and hydrolyzes 
Arf•GTP [18]. Arf•GDP is released from the membrane and ArfGAP1 
promotes polymerization of COPI to produce COPI coated vesicles 
[19]. In this model, GTP hydrolysis is required for determining if the 
interaction between COPI and its specific cargo is taking place (Figure 
2 step 4 and 5). A GTP hydrolysis is the prerequisite for uncoating, 
but in contrast to the traditional model where the GTP hydrolysis 
takes place in the uncoating step, in our model, it takes place at the 
step in which cargo binds to coatomer. This model predicts that COPI 
remains after GTP hydrolysis on Arf. There are experimental data that 
the membrane dissociation rate of Arf1 is more rapid than that of 
coatomer in living cells [20], indicating that coatomer remains on the 
membrane after GTP hydrolysis on Arf1. Furthermore, recent studies 
involving structural analyses have suggested that the binding site of 
-COP to Arf1•GTP might be transmitted to KDEL cargo receptor 
after GTP hydrolysis on Arf1 [21]. These studies support the model by 
which GTP hydrolysis on Arf is related to cargo sorting. 

Arfs function as sensors such as EF-Tu, rather than mo-
lecular switches such as Ras family proteins

Our model implies that Arf1 and ArfGAP1 function more like 
sensors such as EF-Tu, a bacterial translational GTPase that controls 
protein translation on ribosome, rather than as molecular switches 
such as Ras proteins [22,23]. In the case of EF-Tu, the correct pairing 
between mRNA-codon and tRNA-anticodon leads to the structural 
change of the ribosome to activate GTP hydrolysis on EF-Tu. Then 
EF-Tu dissociates from ribosome and further structural changes are 
anticipated for accommodation of aminoacyl tRNA into the peptidyl 
transferase center. GTP hydrolysis on EF-Tu is required for fidelity 
of codon-anticodon pairing, rather than required for terminating 
signals of GTP-bound EF-Tu. The role of Arf1/ArfGAP1 in COPI 
coated vesicle formation could be equivalent to EF-Tu, which raises 
many questions; Does coatomer play a role with ArfGAP1 as a GAP 

for Arf1, as an analogy to the ribosome as a GAP for EF-Tu? If so, does 
cargo induce structural changes of coatomer to activate GAP activity of 
ArfGAP1? What are the effects on coatomer after GTP hydrolysis on 
Arf1 with ArfGAP1? The answers to these questions remain elusive. A 
large body of biochemical and structural analyses will be required in 
the future.

COPII and clathrin/AP-1 could also use small GTP 
binding proteins as sensors

I described the hypothesis in which Arf1/ArfGAP1 plays a role in 
fidelity of cargo sorting in COPI coated vesicle formation. Can it also 
apply to other transport pathways? Reports concerning COPII and 
clathrin/AP-1 coated vesicles are in line with this hypothesis. Forster 
et al. analyzed the membrane turnover rates of Sar1p, a GTP binding 
protein required for COPII recruitment to ER membrane, and Sec23p/
Sec24p, the subunits of COPII coat and the GAP for Sar1p, at the site 
of ER exit sites in living cells [24]. The turnover rate of Sar1p was more 
rapid than that of Sec23p/24p. Decreasing the amount of secretory 
cargo slowed down the turnover of Sar1p and accelerated that of 
Sec23/24p. They concluded that COPII complex remains on the ER 
membrane after GTP hydrolysis on Sar1p, and the presence of cargo 
retains more COPII than Sar1p on the ER membrane. The results are 
consistent with the idea that GTP hydrolysis on Sar1p takes place for 
cargo sorting before completion of COPII coated vesicle formation. 

AP-1 is a clathrin adaptor complex recruited to the Golgi/
endosomal membranes by Arf•GTP. The biochemical analyses of Zhu 
et al. showed that more AP-1 is retained on the Golgi membrane devoid 
of its cargo after 1M Tris extraction [25]. As COPII turnover was more 
rapid when secretory cargo decreased, the results of AP-1 appear to 
be opposite to COPII. However, AP-1 was extracted by 1M Tris even 
in the presence of GTP, which usually does not occur in cells. They 
proposed that AP-1 has two states for binding to the Golgi membrane; 
The one state has a high affinity to the Golgi membrane, which cannot 
be extracted by 1M Tris. This state occurs in the presence of GTPS. On 
the other hand, the other state has a low affinity and can be extracted 
by 1M Tris biochemically. However, in cells, this low affinity state 
of AP-1 should also be on the membrane in the presence of GTP. 
Depletion of AP-1 cargo retains AP-1 in the high affinity state to the 
Golgi membrane even in the presence of GTP. They suggested that the 
affinity state of AP-1 is changed from high to low by GTP hydrolysis in 

Figure 1. Molecular switch model of regulation of Arf. Arf·GTP is converted by Arf 
guanine nucleotide exchange factors (ArfGEFs), and Arf•GTP is hydrolyzed by Arf 
GTPase Activating Proteins (ArfGAPs). In this model, ArfGAPs play a role in deactivating 
Arf•GTP.

Figure 2. The model of COPI coated vesicle formation. ArfGAP1 mediates GTP hydrolysis 
on Arf when coatomer binds to its cargo. In this model, ArfGAP1 plays a role as a sensor if 
the coupling of coat and cargo is correct.
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the presence of cargo. In the absence of cargo, the change in the affinity 
state of AP-1 does not occur. Therefore AP-1 is retained in the high 
affinity binding state on the Golgi membrane. The low affinity state 
of AP-1 could be equivalent to the membrane-bound Sec23/24p after 
GTP hydrolysis of Sar1p. These reports imply that structural change of 
coat proteins could occur after GTP hydrolysis, and coat proteins are 
retained on organelle membrane for further vesicle formation, which 
suggests that the molecular model of COPI coated vesicle formation 
could apply to other transport pathways. 

ArfGAPs; depletion or overexpression? 
ArfGAPs family has 31 genes in human [26]. How can they be 

analyzed? In the traditional model, ArfGAPs function as terminators 
of Arf signaling, and one may think ArfGAPs should be overexpressed 
to hydrolyze more Arf•GTP to inhibit intracellular traffic and then 
analyze their phenotypes. Actually, in the case of Rab proteins, there 
are other small GTP binding proteins, and the research on RabGAPs 
has often been done by overexpression of RabGAPs [27-30]. But is this 
really the correct method for analyzing ArfGAPs?

Gcs1, yeast ArfGAP1 homologue, was found to be a suppressor of 
the loss of Arf function [31]. The authors suggested that the biological 
role of Gcs1 is a downstream effector of Arfs, rather than a down-
regulator. In mammalian cells, overexpression of ArfGAP1 produces 
more vesicles, rather than inhibiting transport [19]. The depletion of 
ACAP3, the ArfGAP for Arf6, resulted in the inhibition of neurite 
outgrowth [32]. Although Arf6•GTP levels increased by depletion of 
ACAP3, the shRNA of Arf6 also decreased neurite outgrowth. As the 
fast cycling mutant of Arf6, T157A rescued the phenotype of ACAP3 
knockdown, but not GDP- and GTP- locked mutant of Arf6, Q67L and 
T44N, Miura et al. [33] concluded that the cycle of Arf6 is required for 
neurite outgrowth. Although the consequences of depletion of ArfGAPs 
in terms of Arf•GTP levels should be addressed carefully, accumulating 
evidence [33-40] shows that ArfGAPs are able to positively regulate 
biological processes. 

siRNA screens of ArfGAPs, but not overexpression, have been done 
for analyzing intracellular traffic. The screen by 6 siRNAs of ArfGAPs 
determined AGAP2 as a positive regulator for transport of Shiga Toxin 
B subunit (STxB) from the early endosomes to the Golgi apparatus 
[41]. The screen by 25 siRNAs of ArfGAPs determined ArfGAP3 to be 
required for Mannose 6-phosphate receptor (MPR) transport from the 
early endosomes to the late endosomes [42]. In this case, GAP activity of 
ArfGAP3 is found to be required for MPR transport, and a cathepsin D 
pulse-chase experiment confirmed the inhibition of MPR transport by 
ArfGAP3 depletion. One may still think that the depletion of ArfGAPs 
should increase Arf•GTP levels in cells, therefore intracellular traffic 
should be accelerated. Actually, I have often seen that the depletion 
of several different ArfGAPs resulted in the increase of the transport 
pathway of interest ([41] data not shown). These phenomena could 
be explained by the increase of Arf•GTP levels generally in cells. But 
is it specific to cargo? The simple increase of Arf•GTP levels could 
retain coat proteins such as AP-1 in a high affinity binding state to 
membranes. But is it possible to make vesicles? Let’s consider the AP-1 
pathway. If the particular ArfGAP that regulates the AP-1 pathway is 
depleted, AP-1 might not be transmitted from the high affinity binding 
state to the low affinity binding state, which may result in the inhibition 
of transport. AP-1 remaining on the membrane could be released by 
other ArfGAPs slowly that are not specific to AP-1 and its cargo, as 
there are 31 genes of ArfGAPs in human. These possibilities need to be 
addressed in each coat and ArfGAPs; however, the molecular model 
in which ArfGAP1 plays a role in fidelity of cargo sorting suggests 

that depletion experiments should be considered to be appropriate for 
analyses of other ArfGAPs, rather than overexpression. 

Recently Shin JHH et al. reported that one of the RabGAPs, 
TBC1D23, binds to golgin-97/245 at the Golgi and links to the WASH 
complex on endosome-derived vesicles [43]. TBC1D23 lacks the 
arginine and glutamine residues essential for RabGAP activity. They 
used the CRISPR-Cas9 system to generate null mutants of TBC1D23 in 
HeLa cells. They suggested that TBC1D23 plays a role in the specificity 
of vesicle fusion to the target organelles. This work implies that 
depletion experiments should be generally considered to analyze the 
role of GAPs for small GTPases.
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